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This study presents the use of mode shapes for the identification of damage location. The residual 
values from curve fitting procedure on mode shape vectors with Chebyshev standard rational series 
were used to detect the damage along the beam length. The results showed that all the mode shapes 
for the damaged cases deviated from that of the undamaged case, where the deviation was towards the 
damage location. The results also showed that the residual from curve fitting procedure for all mode 
shapes have higher values around the damaged element along the beam length which made it a good 
indicator for damage location. 
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INTRODUCTION 
 
Health monitoring of existing structures take a lot of 
interest, especially in past years. The interest in the 
ability to detect the damage at the earliest possible 
stages, increase as a necessity parallel with the increase 
of structural failure cases in past years. On the other 
hand the increase of natural disasters, such as 
earthquakes and Tsunami waves show more necessity to 
detect the damage at early stage as soon as possible to 
prevent the worse scenario. Cracks, one of the main 
causes of damage, is less important for the case of small 
loads or static excitation, but on the other hand, also the 
small cracks take the more important and more effect on 
the health of structure in the case of large loads and the 
dynamic excitation. Sometimes, these small cracks with 
insignificant effect for normal cases cause the failure of 
important structures like bridge or tall building in the case 
of dynamic excitation. From here, we discern the 
important need for detection of the damage at earlier 
stage. Magnitude and localization of damage are 
important damage detection procedure. The relationship 
between physical parameters of the structural element 
and the dynamic characteristics of these elements give 
the   ability  to  detect  the  damage using  the  change  in  
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dynamic characteristics due to the change in the physical 
parameters of the structural element. Mode shape is one 
of the dynamic characteristics that is use to detect the 
damage; it is also used to magnitude the damage. Fox 
(1992), study the change in mode shape by means of 
MAC and COMAC values and shows it is relatively 
insensitive to damage in a beam with saw cat. Graphical 
comparisons of relative changes in mode shapes proved 
to be the best way of detecting the damage location when 
only resonant frequencies and mode shapes were 
examined. The study also, presents a method of scaling 
the relative changes in mode shape to better identify of 
the damage. Model error localization based on mode 
shape changes to what is known as structural trans-
lational and rotational error checking (STRECH) (Mayes, 
1992). STRECH assess the accuracy of the structural 
stiffness between two different structural degree of 
freedom. It can be applied to compare the results of a 
test with an original finite element method or to compare 
the results of tow tests. Scott et al. (1997) overviewed the 
methods to detect, locate and characterize damage in 
structural and mechanical system by examining change 
in measured vibration response. Ratcliffe (1997), 
presents a technique for locating damage in a beam that 
uses a finite difference approximation of a Laplacian 
operator on mode shape data. Cobb and Liebst (1997), 
present a method for prioritizing sensor locations for 
structural damage identification based on an eigen vector  
  
 
 
sensitivity analysis. Alampalli (2000) presents the effect 
of damage on mode shape and other modal parameters. 
This study shows the difficult to locate the damage using 
mode shape. Maeck (2003) developed a technique to 
detect, locate and quantify damage in RC structure by 
vibration monitoring. Direct stiffness calculation was 
developed as a new technique to assess damage in 
reinforced concrete (RC) structures and estimate the 
bending and torsional stiffness along the structure from 
experimental natural frequencies, mode shapes and its 
derivatives. Beams were gradually damaged and the 
changes of the dynamic parameter were monitored from 
the initial to the failure state. Modal parameters turned 
out as good indicators. Dutta and Talukdar (2004), use 
mode shape and its curvature to detect and locate the 
damage, it shows that the curvature of mode shape is 
more sensitive than the mode shape to locate the 
damage. 
Abdul Razak and Choi (2002) carried out an 
experimental investigation to study the effect of corrosion 
on the modal parameters of RC beams. The trend in the 
measured natural frequencies was sensitive to the 
deterioration state of beams. Different criteria based on 
frequencies or mode shapes were applied to detect 
damage in RC beams for which a few natural frequencies 
and mode shapes were obtained by experimental modal 
analysis. Similarly, local modal stiffness was proposed as 
a new damage detection method (Ricardo et al., 2008). 
Catbas et al. (2008) investigated the potential of two 
damage-sensitive features to detect damage by 
simulating different damage scenarios. The two features 
adopted in the study were modal flexibility-based 
deflection and curvature, both obtained from dynamic 
parameters. The experimental results showed that both 
deflection and curvature showed high sensitivity for 
damage detection and localization. Wang and Qiao 
(2008) proposed a new damage detection technique 
based on the irregularity profile of structural mode shape. 
The results led to the conclusion that the proposed 
technique required low measurement resolution and that 
the successful detection of damage on the composite 
beam proved that the proposed technique was capable of 
assessing both the location and the size of the crack. 
Todorovska and Trifunac (2008) explored the change in 
wave times as a structural health monitoring method, 
using strong motion data from the Imperial valley 
earthquake of 1979.  
Deraemaeker et al. (2008), investigated problems 
related to damage detection using output only vibration 
measurement systems under changing environmental 
conditions. Montalvão et al. (2009) proposed a damage 
localization feature called modal damping factor. The 
study explored a method to reduce the amount of con-
ventional sensors with the aim of locating damage for low 
cost on components that are subject to impact during 
service. Katsikeros and Labeas (2009) proposed an 
innovative health monitoring method based  on  structural  
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strain measurement; the measurements were then 
processed   by   a   back-propagation,  feed  forward  and 
artificial neural network. The proposed method, 
demonstrated on a cracked aircraft lap-joint structure to 
evaluate its capability and drawbacks in predicting fatigue 
damaged states, had good capability to predict accurately 
the crack position and the length of a lap-joint structure. 
Overbuy and Todd (2009) evaluated the effects of input 
and output noise on the estimation of transfer entropy. 
The study found that input noise lessens the sensitivity of 
the damage feature by diminishing the ability of the non-
parametric density estimation to produce low variance 
transfer entropy estimation. The study also concluded 
that output noise had an effect on the feature’s sensitivity. 
Kim et al. (2010) offered a new proposal for a hybrid 
health monitoring system, using sequential vibration 
impedance approaches, to detect damage in pre-stress 
concrete bridge girders. Kopsaftopoulos and Fassois 
(2010) applied several vibration-based statistical time 
series as structural health monitoring methods on 
lightweight aluminium truss structures. An autoregressive 
model used the acceleration time histories obtained from 
two experimental structures (De Lautour and Omenzetter, 
2010). The coefficients of the autoregressive model 
became the damage-sensitive features and acted as 
input into an artificial neural network. Rodríguez et al. 
(2010) proposed a method for detecting damage in 
structures without baseline state information. The study 
found that it is possible to identify the location and 
severity of damage based on singular value decom-
position. Jassim et al. (2010) found that both modal 
parameters were affected by the crack regardless of 
position or size. Lower modes were found to be more 
sensitive to the change in the support conditions 
(Fayyadh and Abdul Razak, 2010; Fayyadh et al., 
2011a). A new damage detection index based on the 
combination between the mode shape vectors and their 
curvature was developed and verified to have higher 
sensitivity than existing algorithms (Fayyadh and Abdul 
Razak, 2011a). Modifications to two of the existed 
damage location algorithms were proposed (Fayyadh and 
Abdul Razak, 2011b). A weighting average procedure 
was proposed by Fayyadh and Abdul Razak (2011c) 
which was used to calculate the weighted average values 
of damage severity algorithms based on the set of the 
considered bending modes. A new damage severity 
algorithm was proposed by Fayyadh et al. (2011b) which 
based on the combination of both natural frequencies and 
mode shape and it was proven to be better sensitive than 
exist damage severity algorithms.  
Since most of the previous studies based on the mode 
shape by meaning of COMAC or the mode shape 
derivatives to detect and locate the damage, in this study 
the main objective is to use the mode shapes themselves 
to detect the damage location by meaning of its shape 
deviation due to damage under different loading stages 
and locations. 
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Figure 1. Reinforced concrete beam dimensions and details. 
 
 
 
 
 
a 
b 
 
 
Figure 2. Finite element modeling of RC beam. (a) Reinforced bar modeling, (b) Beam modeling. 
 
 
 
METHODOLOGY 
 
To demonstrate the significance and capability of the mode shape 
deviation to locate the damage on RC beams, one finite element 
beam model was built to represent control and damaged simply by  
supported concrete beams reinforced according to ACI-318-08 
(2008). The span length of the beam is 2200 mm with cross 
sectional dimensions of 150 mm,  width by 250 mm depth; 
reinforced with two of 12 mm diameter steel bars as longitudinal 
reinforcement and 8 mm with shear stirrups of 100 mm steel bars 
as shear reinforcement. Figure 1 shows  the  beam’s  reinforcement  
and dimensions details. 
Utilizing a general-purpose finite element package that is based  
on the displacement method, three-dimensional finite element 
model was constructed to simulate control and damage beam 
cases. The beam model was built with 20-node brick element and 
2-node embedded bar inside 3-D brick element to represent the 
reinforced bars. Different damaged states were introduced to the 
beam model by means of loading and unloading certain 
percentages of failure load located at 0.25 and 0.5 L from left 
support. Figure 2 shows a typical model for the reinforced beam 
constructed using finite element modeling where the  brick  element  
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Table 1. Characteristics of the finite element model. 
 
 Concrete Reinforcement 
Element types 
Isotropic solid brick element 
20 nodes 
Quadratic 
Line element 
2 nodes 
Reinforcement bars 
   
Physical properties Isotropic 
 
Reinforcement bar 
Cross-sectional area = 226 mm2  (2 bars) 
   
Material properties 
Isotropic with 
Poisson’s ratio = 0.2 
Mass density = 2400 kg/m3 
E = 26,000 mPa 
Embedded reinforcements 
Young’s Modulus = 200 x 109 N/m2 
Yield = Von Mises 
Yield value = 420 x 106 N/m2 
   
Supports conditions Hinge in the x and y directions at the left support, and as a roller in the y direction at the 
right support. 
  
Load Line load at the mid-span of the beam in y direction with initial value of 1 kN 
 
 
 
 
 
Figure 3. First mode shape at different damage levels for damage located at 550 mm from left 
support. 
 
 
 
and reinforcement details are presented. 
The physical and material properties of the concrete were 
Poisson’s ratio of 0.2, mass density of 2400 kg/m3, Young’s 
modulus of 26,000 mPa, concrete tensile stress of 3.75 mPa, and 
concrete compressive strength of 30 mPa. The reinforcement bars 
were embedded in the brick elements and has a cross-sectional 
area of 113 mm, Young’s modulus of 200 000 mPa, Von Mises 
yield value of 420 mPa and steel yield stress of 420 mPa. The 
support conditions were modeled as a hinge in the x and y 
directions at the left support and as a roller in the y direction at the 
right support. The self-weight was computed by taking gravitational 
acceleration as 9.81 m/s2 in the –y direction. Table 1 shows the 
summary of the general characteristics of the finite element models.  
Initially, an eigen analysis was performed so that modal 
parameters for the control (undamaged) case were carried out. 
Next, the beam model was loaded by applying concentrated point 
loads of 50 and 70% of the failure load in order to induce different 
degrees of damage located at 0.25 and 0.5 L from the left support. 
First load cycle comprised of the load  applied  incrementally  in  the  
following manner: zero to maximum loading of 50%, of the failure 
load at increments of 1 kN each time and unload from maximum 
loading to 0 kN with decrements of 1 kN each time. The same 
procedure was applied to damage level of 70% of the failure load. 
At each damage level, eigenvalue analysis was again performed to 
obtain the modal parameters relevant to induced damage level. 
Finally, the mode shapes for damaged and control cases were 
plotted and the curve fitting was performed using Chebyshev 
standard rational series.  
 
 
RESULTS AND DISCUSSION  
 
During this study, the deviation of mode shapes for 
damage case from that of control case is used to detect 
the damage location. Figures 3 to 14 show the deviation 
of mode shapes for different damage cases (50 and 70% 
of failure load), and at  different  locations  (0.25  L =  550  
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Figure 4. First mode shape at different damage levels for damage located at mid-span. 
 
 
 
 
 
Figure 5. Second mode shape at different damage levels for damage located at 550 mm from left 
support. 
 
 
 
 
 
Figure 6. Second mode shape at different damage levels for damage located at mid-span. 
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Figure 7. Third mode shape at different damage levels for damage located at 550 mm from left 
support. 
 
 
 
 
 
Figure 8. Third mode shape at different damage levels for damage located at mid-span. 
 
 
 
 
 
Figure 9. Fourth mode shape at different damage levels for damage located at 550 mm 
from left support. 
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Figure 10. Fourth mode shape at different damage levels for damage located at mid-span. 
 
 
 
 
 
Figure 11. Fifth mode shape at different damage levels for damage located at 550 mm from left support. 
 
 
 
 
 
Figure 12. Fifth mode shape at different damage levels for damage located at mid-span. 
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Figure 13. Sixth mode shape at different damage levels for damage located at 550 mm from left 
support. 
 
 
 
 
 
Figure 14. Sixth mode shape at different damage for damage levels located at mid-span. 
 
 
 
mm and 0.5 L = 1100 mm from left support). The results 
showed good sensitivity and ability of mode shape itself  
to detect damage location due to deviation of mode 
shape between damage and control cases. The deviation 
was directed to the location of damage for both cases of 
damage location (550 and 1100 mm from left support). 
The deviation shows the ability of the mode shapes to 
detect damage location for different damage load value 
(50b and 70% of failure load). One of the advantages of 
using the mode shape deviation is that all the modes 
have the sensitivity to locate the damage.   
Applying the curve fitting with Chebyshev standard 
rational series for all modes shape at different damage 
cases and different damage location showed that the 
residuals have higher values around the zone of damage 
and can be use to highlight the damage location. Figures 
15 to 18 show some examples on the curve fitting 
procedure for mode number 6 for two damage cases  and  
two damage locations.  
 
 
Conclusions 
 
The following conclusions can be drawn based on the 
results of the present study. 
 
1. All the considered mode shapes showed good 
sensitivity to locate the damage regardless of its level or 
location, where all damaged modes deviated from the 
undamaged modes toward the damage location. 
2. Residuals values that resulted after performing the 
curve fitting procedure showed good ability to locate the 
damage regardless of its level or location, where higher 
residuals values were observed close to the actual 
damage location. 
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Residuals 
 
 
Figure 15. Curve fitting with Chebyshev Standard rational series of the sixth mode at damage level 50% at 550 mm from the left support. 
 
 
 
 
 
 
Residuals  
 
Figure 16. Curve fitting with Chebyshev standard rational series of the sixth mode at damaged level 70% at 550 mm from the left support. 
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Residuals  
 
 
Figure 17. Curve fitting with Chebyshev standard rational series of the sixth mode at damaged level 50% at mid-span. 
 
 
 
 
 
 
Residuals 
 
Figure 18. Curve fitting with Chebyshev standard rational series of the sixth mode at damaged level 70% at mid-span. 
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